We have searched for the production of a selectron and a squark in e + p collisions at a center-of-mass energy of 300 GeV using the ZEUS detector at HERA. The selectron and squark are sought in the direct decay into the lightest neutralino in the framework of supersymmetric extensions to the Standard Model which conserve R-parity. No evidence for the production of supersymmetric particles has been found in a data sample corresponding to 46.6 pb ,1 of integrated luminosity. We express upper limits on the product of the cross section times the decay branching ratios as excluded regions in the parameter space of the Minimal Supersymmetric Standard Model.
Supersymmetry SUSY theories relate bosons and fermions by associating to each fermion a bosonic partner and vice-versa. Among the appealing consequences of this symmetry is the cancellation of quadratic divergences occurring in the scalar Higgs sector of the Standard Model SM and models beyond the SM 1 . There is, on the other hand, no experimental evidence for SUSY. Since supersymmetric particles are not observed at the masses of their standard partners, SUSY would need to be broken. In the supersymmetric extension of the SM known as the Minimal Supersymmetric Standard Model MSSM, the supersymmetry-breaking terms are added by hand, generating a model with many free parameters for a review and the original references see 2 . In this model the breaking of SU2 U1 Y is generated through the vacuum expectation values v 1 and v 2 of two Higgs doublets, which give masses to the down-type quarks and charged leptons v 1 and to the up-type quarks v 2 . Selectrons ẽ L ,ẽ R and squarks q f L ,q f R are the scalar partners of the left-and right-handed electrons and the quarks of avor f .The supersymmetric partners of the gauge bosons and the Higgs particles, known as gauginos and higgsinos, mix together giving rise to four neutral mass eigenstates 0 i neutralinos and two charged mass eigenstates j charginos. The masses of the neutralinos depend on the supersymmetry-breaking parameters M 1 and M 2 for the U1 and SU2 gauginos, on the higgsino mass parameter and on the ratio of the two Higgs vacuum expectation values tan v 2 =v 1 . There is a new multiplicative quantum number, R-parity R P , which takes the values +1 for the ordinary particles and -1 for the supersymmetric particles. In models where R P is conserved, the supersymmetric particles are produced only in pairs and the lightest supersymmetric particle LSP is stable. In these models, the production of a slepton and a squark is the lowest order process in which supersymmetric particles could beproduced at HERA 3, 4, 5 . Other processes, such as the production of a slepton and a gaugino 6 have a smaller cross section. We report here on the search for the R P -conserving production and decay of a selectron This process is mediated by the tchannel exchange of a neutralino, as shown in gure 1. As the production of high-mass particles in the nal state involves high Bjorken-x valence quarks from the proton, the process is mostly sensitive to the up quark. This measurement was performed with the ZEUS detector using an integrated luminosity L = 46:6 p b , 1 . The H1 collaboration has published results of a search similar to the one presented in this paper, using an integrated luminosity L ' 6 : 4 p b , 1 7 .
The selectron squark can decay directly to the lightest neutralino, . Under the assumption that the lightest neutralino is the LSP and that R P is conserved, one can conclude that the neutralino will escape detection. In this case, the signature for the production of a selectron and a squark is one positron fromẽ decay, a high P t hadronic system fromq decay and missing momentum from the two neutralinos 8 . The search for this process is used to set limits on the masses of the selectron and of the squark for a wide range of values of the MSSM parameters. Limits are derived for all squarks assuming that they are degenerate in mass. We also set limits separately for theũ squark. These limits can beconsidered complementary to the strong limits on the squark mass from p p collider experiments 9 that are valid within models with additional constraints compared to the MSSM. The present search leads to limits comparable to those so far obtained from e + e , experiments 10, 11 for particular combinations of theẽ andq masses.
Experimental Setup
The 46:6 p b , 1 of data used for this analysis were collected with the ZEUS detector at the HERA collider during the years 1994 to 1997. The collider operated at a center-ofmass energy of 300 GeV with positrons of energy E e = 27:5 GeV and protons of energy E p = 820 GeV. The ZEUS detector is described in detail elsewhere 12 . The main subdetectors used in the present analysis are the central tracking detector CTD 13 positioned in a 1.43 T solenoidal magnetic eld and the compensating uranium-scintillator sampling calorimeter CAL 14 , subdivided in forward FCAL, barrel BCAL and rear RCAL sections. Under test beam conditions the CAL energy resolution is 18= q EGeV for electrons and 35= q EGeV for hadrons. A three-level trigger was used to select events online. The trigger criteria applied relied primarily on the energies deposited in the calorimeter. The trigger decision was based on electromagnetic energy, total transverse energy and missing transverse momentum. Timing cuts were used to reject beam-gas interactions and cosmic rays. The luminosity was measured to a precision of 1.5 from the rate of energetic bremsstrahlung photons produced in the process e + p ! e p 15 .
Production Model
The amplitude of the process depicted in gure 1 is given by the sum of four exchange graphs, one for each MSSM neutralino. The cross section depends on the MSSM parameters M 1 To reduce the number of free parameters, theẽ L andẽ R are assumed to have the same mass mẽ, and all the squarks exceptt whose contribution can be neglected to have the same mass mq. Alternatively we consider the case thatũ is the only squark contributing to the process. We assume no mixing betweenẽ L q f L andẽ R q f R . In Grand Uni ed Theories GUT the gaugino masses unify at the GUT scale which leads, at the electroweak scale, to the relation M 1 = 
Monte Carlo Simulation
Monte Carlo simulations are used to determine the e ciency for selecting the signal, and also to estimate the rate of the SM background. All the signal and background events were passed through the simulation of the detector response based on GEANT 16 , incorporating the e ects of the trigger. They were subsequently processed with the same reconstruction and analysis programs used for the data.
Signal
The calculation of the leading-order cross sections and the simulation of the signal have been performed with a Monte Carlo MC generator MSSM, see 17 based on the calculations of 5 . In the calculation of the total cross section, the proton parton density is modeled using the GRV-LO 18 set. The change of the structure functions to CTEQ-LO 19 and GRV-HO produced variations always less than 4. The e ect of the initial state QED radiation from the incoming lepton was included using the Weizs acker-Williams approximation. To generate the signal MC samples the MSSM MC is interfaced to ARI-ADNE 20 , which implements the Color Dipole Model CDM to simulate the QCD radiation, and JETSET 21 , for the fragmentation of the nal state partons. The signal samples were generated for 118 di erent combinations of the values for the masses mẽ, mq and m 0 1 , b y assuming the exchanged neutralino to be a pure photino ~ , since the event kinematics and the distributions of the decay products are insensitive to the neutralino mixing parameters. Theẽ andq were then forced to decay directly into 0 1 .
Background
To evaluate the SM background we considered the following reactions which can mimic the signature for a selectron-squark event:
neutral current NC deep inelastic scattering DIS events with missing momentum due to the presence of neutrinos, muons or not-completely-contained hadronic energy; charged current CC DIS events with a true or fake positron in the nal state; W production processes which can mimic the signal via the leptonic decays; lepton pair production from Bethe-Heitler interactions !e + e , ; + , ; + , ; photoproduction with high transverse energy and heavy avor production, with true or fake positrons in the nal state.
Backgrounds from NC and CC DIS events were simulated using HERACLES 22 , which includes rst order electroweak radiative corrections. The hadronic nal states were simulated using LEPTO 23 and JETSET interfaced with HERACLES using DJANGO 24 . QCD radiation was simulated using the CDM as implemented in ARIADNE and, as a cross check, with the exact rst order matrix elements followed by parton showering MEPS option. The production of W was simulated using EPVEC 25 . The production of lepton pairs in both elastic and inelastic Bethe-Heitler interactions is simulated using LPAIR 26 . All these samples correspond to luminosities at least ve times larger than that of the data. The photoproduction background was simulated using events with high transverse energy produced in direct-and resolved-photon interactions, which were generated using HERWIG 27 . Samples of heavy avors cc, bb were also produced via the boson gluon fusion mechanism, as implemented in AROMA 28 . These last two samples, which represent a small background, correspond to a luminosity comparable to that of the data.
Event Selection
The event selection for the SUSY particles search requires the following global event quantities calculated from the reconstructed vertex and the calorimeter measurements: GeV and a hadronic system with P h t 4 GeV. Positron candidates were identi ed using the pattern of energy deposits in CAL 29 , which provided the measurement of its energy E e and angles e , e . Additional requirements were applied: isolation: the total transverse energy not associated with the positron candidate within a cone of radius R=0.8 units in the ; plane around its direction must be less than 3 GeV and the sum of the momenta of the tracks pointing in a cone of radius R=0.8 units in , around the positron, excluding the highest momentum track, must be less than 2 GeV. These cuts remove fake positrons from CC and photoproduction that are close to the hadronic jet; track matching: if the candidate positron is within a region where the tracking e ciency is high, namely e 0:35 radians, a match with a track is required such that the distance of closest approach b e t w een the electromagnetic EM cluster and the track extrapolated from the CTD beless than 6 cm, the ratio of the track to CAL transverse momentum, P To ensure that the selected events come from e + p interactions we apply standard cosmic ray and beam gas rejection cuts and require a reconstructed vertex within 50 cm of the nominal interaction point along the Z axis.
In gures 2 a and b the 6 P t and E,P Z distributions of the data, after a cut 6 P t 10 GeV, full points are compared with the total background expectation full line and with a Monte Carlo signal sample corresponding to the masses mẽ = 80 GeV, mq = 80 GeV and m 0 1 = 50 GeV dotted line. Good agreement is observed between the distributions of the data and the background Monte Carlo. To determine the values of the nal cuts, an optimization procedure was applied, which maximized the ratio =U for simulated events, where is the e ciency and U is the 95 con dence level CL upper limit on the signal when the numberofevents found equals the expected background. Events were accepted if they satis ed the following requirements: E , P Z 50 GeV; 6 P t 14 GeV; E , P Z 6 P t 1. ,0:84 events, as shown in table 1. The systematic uncertainties quoted for the background are evaluated as described in section 6. No photoproduction or heavy avor event survived the selection. An alternative method was used to con rm that the photoproduction background was not underestimated due to the limited MC statistics. It was found that the rate of photoproduction events passing all of the kinematic cuts except positron identi cation was only a small fraction of the CC background rate. Assuming that the fake positron fraction was the same for CC and photoproduction events, the resulting photoproduction rate was negligible. One event survived the selection criteria and was identi ed as containing a high-Q 2 positron with associated 6 P t in the calorimeter due to two muons in the nal state.
Systematic Uncertainties
The main source of systematic uncertainty on the e ciency comes from the interpolation between the generated Monte Carlo mass points = = 6. Other contributions from detector e ects that a ect both the acceptance and the background are the uncertainties on the positron identi cation e ciency = = 1, on the calorimeter energy scales = = 2, on the e ciency of the matching between a track and an EM cluster = = 3 : 5, on the isolation requirements = = 3 and on the vertex distribution = = 1. Another common source is the 1.5 uncertainty in the total integrated luminosity of the 1994-1997 e + p data sample. We quote an overall systematic uncertainty = = 8 : 5 . In addition to the experimental sources, e ects due to the di erent treatment of the QCD radiation in the nal state for the CC and NC background were evaluated using Monte Carlo samples generated with the MEPS option. The variation of the CC background was found to be below the statistical uncertainty. No NC MEPS event survived the nal selection. This di erence with respect to the ARIADNE NC background is included as a systematic uncertainty. The theoretical uncertainties on the cross sections of the background processes are also included in table 1. The quoted errors are due to uncertainties on: the proton parton distribution functions pdf for the NC and CC backgrounds 5 , 6, the missing higher orders and proton and photon pdffor W production 35 and the uncertainties mainly due to inelastic contributions on the lepton pair production 10. The total error on the background 35 is taken to be the sum in quadrature of the statistical and systematic errors. For the estimated background and one observed event this 35 variation of the background normalization results in a 4 variation of the 95 CL upper limit on the numberof signal events.
Results
The event found in the data sample is compatible with the expected SM background. Therefore we derive upper limits on theẽ, qproduction cross section times the branching ratios B for the decay to the lightest neutralino In the range 45 mẽ + mq=2 85 GeV the up quark contribution to the cross section ranges between 70 and 90 because it dominates the parton densities at high-x. The limits on theũ mass, assuming all the other squarks to bemuch heavier, are only 2 GeV below the limit obtained for degenerate squark masses. This is shown as an example in gure 4 d, to be compared with gure 4 c.
Comparison with other experiments
A search for the production of selectrons and squarks at HERA has been published by H 1 7 . The present analysis substantially improves these limits due to the seven-fold increase in the integrated luminosity. Tevatron experiments adopt strong cuts on 6 P t and select nal states with many high-P t jets or leptons to exclude the QCD background. Therefore, they are more sensitive to squark cascade decays than to the direct decayq ! q 0 1 ,especially when the mass di erence mq , m 0 1 is small 20 GeV. On the other hand, the search described in this paper looks only for direct decays and, due to the relatively low cuts on 6 P t 14 GeV and P h t 4 GeV, is sensitive to smaller mass di erences. Limits on SUSY are often expressed in terms of the minimal supergravity model mSUGRA in which the masses of scalars and fermions are no longer independent parameters 32 . In this model the squarks are always heavier than selectrons and gluinos, and the dominant squark decay is to gluino and quark. In the region where the squark is lighter than the gluino, the Tevatron experiments give limits under more general assumptions than mSUGRA but keep the GUT inspired assumption that links the masses of the neutralinos and the charginos to that of the gluinos. In this framework limits cannot be set on light squarks 80 GeV when the gluino is too heavy 500 GeV, due to the lack of sensitivity at small mq , m 0 1 .
The present analysis investigates a di erent region of the MSSM parameter space, where the gluinos are heavier than the squarks and the squarks masses are independent of the selectron masses, allowing also for mq mẽ. Moreover, no relationships are assumed between m 0 1 and mg. 
